Instantaneous left ventricular dynamics were measured from cineradiographs utilizing implanted tantalum coils as myocardial site markers in the orthotopically transplanted canine heart. Four parameters of myocardial synergy were obtained: mean shortening, anisotropy of contraction, mean time to half shortening, and asynchrony of contraction. Estimates of end diastolic volume, end systolic volume, stroke volume, ejection fraction, and cardiac output were obtained. Heart rate was altered by pacing the left atrium of the donor heart. Of the nine parameters, only cardiac output was significantly changed by alterations in heart rate. The invariance of stroke volume with rate resulted in a proportional increase in cardiac output with cardioacceleration.
shows a typical frame from a cineradiograph obtained in this study.
The electrocardiographic signal and cine frame marker were recorded on an Electronics for Medicine Physiological Recording Oscillograph with a paper speed of 100 mm/sec. A metal tipped solenoid, activated by the electrocardiographic R wave, was used to mark this event on the cineradiograph. Recordings were first obtained without pacing, then with atrial pacing up to 180 beats/min. Pacing pulses were provided by a Medtronics 5800 pacemaker.
Data Reduction. The six instantaneous distances between the myocardial markers were obtained from a frame-by-frame analysis of the cineradiographs as previously described. 4 For each beat, end diastolic length (EDL) was defined for each segment as the maximum length attained during the QR interval of the electrocardiogram and end systolic length (ESL) was defined as the minimum length attained during that contraction. Percentage shortening for each segment was calculated as:
EDL -ESL EDL and the time in msec required to accomplish half of this shortening (T50) was also determined for each segment.
Mean shortening (S) was calculated as the average of the shortening values for the four principally circumferential segments (1-2, 1-3, 2-4, 3-4) and mean time to half shortening (T50) was calculated from the segmental T50 values in the same fashion.
Anisotropy (AI) was defined as the standard deviation of the shortening values for the four segments, and asynchrony (AS) as the standard deviation of the T50 values for these four segments.
The rationale behind the use of these parameters (S, AI, T50, and AS) to quantitate myocardial synergy has been previously described.5 Briefly, they are justified as follows:
1. Mean Shortening (S): an efficient ventricle must shorten by a sufficient amount to eject adequate stroke volume against the load.
2. Anisotropy (AI): an efficient ventricle will contract uniformly in all regions (i.e., isotropically). Dyskinesis will be reflected by increases in the value of AI. 
Results
The experimental results are shown in table 1. Of particular interest are the findings that in the group as a whole: 1. mean time to half shortening T50 (which is proportional to the duration of systole) is not reduced as heart rate is increased, and 2. stroke volume is unchanged by heart rate ( fig. 3) , which results in a proportional increase in cardiac output with increasing rate (fig. 4) . Linear regression analysis (summarized in table 2) shows that of the nine parameters studied, only cardiac output is significantly (P < .01 ) affected by heart rate.
Discussion
The common finding in pacing studies of normal resting canine or human subjects is an invariant cardiac output with increasing rate, due to a significant reduction in stroke volume with cardioacceleration.6 7, 8 This reduction in stroke volume has been attributed to abbreviated diastolic filling periods or mistimed atrial systole at the higher rates. 9' 10 In a previous study5 it was shown that these mechanisms alone are inadequate to explain this reduction. The awake resting dog was seen to experience the expected reduction in stroke volume when atrially paced to higher rates. In spite of equivalently altered systolic duration, diastolic filling period, and timing of atrial systole, this Stroke volume as a function of heart rate in the transplanted canine heart. Numerals associated with data points refer to the experiment number in table 1. reduction in stroke volume with rate was abolished by halothane anesthesia. It was suggested that halothane reduced stroke volumes to a level which decreased demand on the venous reservoir, allowing adequate ventricular filling over the full range of rates studied. (beats/min.)
Cardiac output as a function of heart rate in the transplanted canine heart. Numerals refer to experiment number in In one dog (1893), studies were made on the second and thirteenth postoperative days. On the second postoperative day stroke volumes were low, invariant with rate, and cardiac output was significantly (P <0.01) increased by pacing. On the thirteenth postoperative day, stroke volume had increased and was reduced significantly (P < 0.01) at the higher rate. In this dog the increased stroke volume may well have exceeded the capability of the venous reservoir at the elevated rates with the result that cardiac output did not change with rate.
An unexpected finding was that mean time-tohalf shortening (T50) did not change when the heart was paced to faster rates. This parameter has been shown to be directly proportional to the duration of systole.5 Previous studies in intact dogs and humans have consistently demonstrated a reduction in T50 and the duration of systole with increasing rate.5' 14, 15 The mechanism underlying the invariance of T50 with rate is presently unclear, but is likely to involve the denervated state of the transplanted heart.
